This paper presents some of the findings of a study of the uptake of phosphorus by bean plants as it is influenced by iron. As a result of this work a number of points have been brought out which have not been clearly stated previously. In order to complete the study successfully, the effects of pH and the simultaneous effects of various phosphorus and iron supplies were considered. The results show: (a) Absorbed iron ties up a portion of the " seed phosphorus " in an unusable condition. (b) A ferric phosphate precipitate, in or on the roots, retards the flow of phosphorus to the actively growing leaves. (c) As the phosphorus content of the nutrient medium is increased, roots, stems, and cordate leaves continue to build up in phosphorus content even after trifoliate leaves are being adequately supplied. The excess phosphorus may be responsible for immobilizing iron and other ions.
et al. (14) showed that phosphatic fertilizer reduced the absorption of iron by Calluna vulgaris. SIDEMtIS et al. (11) reported that in Ananas cornosus an increased supply of phosphorus increased slightly the amount of iron precipitated on the plant's roots. These papers, while dealing more or less indirectly with the effect of phosphorus on the absorption of iron, do not present a thorough elucidation of the phenomenon.
The relationship of phosphorus to chlorosis has been the subject of considerable study and a few papers have contained information of direct bearing on it. OLSEN (8, 9) demonstrated that certain plants (Lemna polythiza, Zea mays, and Xanthium spinosurn), when grown in water culture solutions (Knop's solution at pH 7.0) having a high phosphate content but normal iron content, became chlorotic even though the iron content of the chlorotic leaves compared favorably with that present in green leaves. WADLEIGH et al. (15) grew corn plants in solutions high in phosphate and found that these plants were also severely chlorotic. FRANCO and LOOMIS (6) compared the absorption of phosphorus and iron from various nutrient solutions and found that true iron-deficiency chlorosis could be prevented if phosphorus was withheld for two to four days from the nutrient solution at the start of an experiment.
Methods
Red kidney bean seeds (Phaseolus vulgaris) were dusted with Semesan (active fungicidal ingredient, hydroxymercurichlorophenol) and placed between dampened paper towelling in a shallow glass dish where they remained for two days. The radicles from viable seeds were then evident, and the sprouted seeds were transferred to glass beads partially immersed in tap water. The seedlings remained on the glass beads for five to six days. During this time, the hypocotyls grew sufficiently so that the young bean plants could be transferred to half-strength nutrient solution contained in enamelled pans of six liters capacity. The plants were supported by wrapping non-absorbent cotton about the stems and inserting them into slots cut in Lucite covers. Covers were painted with black asphaltum varnish on the lower surface and with white paint on the upper surface. Each pan contained six plants. The day of transfer to the pans was always designated as zero day, and periods in solution and age of plants were calculated from this base. The solutions were changed to full-strength on the fourth day and changed again on the eighth day. Harvests were made on the twelfth day unless stated otherwise.
The nutrient solutions were varied with respect to their phosphorus content, iron content, and pH. The variations are given with each experiment. The pH of each solution was adjusted twice daily (early morning and late afternoon) by the addition of potassium hydroxide solution or sulphuric acid solution. The basic nutrient medium had the following composition: (12) . The intensity of the color was measured in a photelometer using a red (610-P) filter and was compared with standards prepared at the same time.
When radiophosphorus was to be determined, an aliquot (20 to 100 mg.) of dried material was weighed and transferred to a 30-ml. porcelain crucible. The sample was ashed directly in a muffle furnace at dull red heat and then cooled. The ash was dissolved in dilute hydrochloric acid to insure uniform spreading in the crucible. The solution was evaporated to dryness and counted. The geometry factor was constant for all determinations. Errors due to self-absorption, coincidence phenomena, and counter efficiency w-ere low in comparison to the statistical errors of counting and were ignored. The quantity of radiophosphorus used in each experiment was calculated so that the net number of counts in the weakest sample would exceed twice the background. Statistical examination of the counting procedure (7) indicates that the probable error of the results is not greater than 10% in cases of low activity and in the order of 5%v for higher activity.
Results and discussion THE EFFECT OF PH UPON THE ABSORPTION OF PHOSPHORUS
It is known that the hydrogen ion concentration of a nutrient solution exerts an effect both upon the nutrient solution and upon the roots of plants growing in it. Within the nutrient solution the form of the phosphate ion is determined bv the pH, with H2P04-predominating below approximately 6.7 and HP04: above that value ( fig. 1 ). The hydrogen ion concentration also exerts an effect upon the permeability of the membranes of the absorbing cells. This is a comiplex phenomenon, and its discussion will not be atteil)pted here. As it has been shown by ARNON et al. (2) that pH influences phosphorus absorption differently in different plants, it was necessary to determiaine its effect on phosphorus absorption by bean plants. 6 .0 with a general decrease at l-igher pH. The behavior of individual parts is interesting, but it should be,-early stated that the root concentrations include both absorbed and a rbed phosphorus since we have not found a successful mieans of distin .t ihing between them. Our root values are, therefore, without great signif Lnce as to absorbed phosphorus. Stem concentrations decrease with decreasing acidity to pH 6.0, but they show an increase between pH 6.0 and 7.0. Leaf concentrations decrease markedly at pH 6.0 to 7.0. This indicates that movement of phosphorus from stems and petioles to leaf blades is impaired at pH 7.0. The resultant accumulation of phosphorus in stems and petioles at pH 7.0 constitutes a medium rich in phosphorus through which other ions being transported to the leaf blades must pass. Under conditions of higl pH (7.0) and with accumulation of phosphorus, some difficulty in the successful passage of iron ions to the blades has been found (10) .
As a result of this and other studies, a pH of 6.0 has been adopted as a suitable pH at which to grow this variety of bean while attempting to study the effect of iron upon the uptake of phosphorus. At this acidity and with the nutrient solutions employed, very little drift in pH occurs and there are no unusual effects of pH upon the internal distribution of phosphorus between plant parts.
PHOSPHORUS UPTAKE AS A FUNCTION OF NUTRIENT PHOSPHORUS

CONCENTRATION
We have found it possible to grow beans at a wide range of phosphorus levels. The lower and upper limits may be defined respectively as that concentration at which phosphorus deficiency occurs, and as that concentration at which chlorosis develops. In general, phosphorus deficiency symptoms are slow to develop because of the extreme mobility of phosphorus within the plant (3) and it is possible for metabolically active tissues to continue their growtlh at the expense of phosphorus in other parts of the plant. The phosphorus requirement of beans is not high. Levels as low as 0.00005 -M supplied at the rate of one liter per plant per four days (less than 0.4 mg. P,1plant/day) have proved sufficient for plants having several trifoliate leaves. At the upper extreme, chlorosis becomes a problem in bean plants growing in a solution in which the phosphorus concentration is 0.005 A. Our experiments on phosphorus uptake were designed to: (a) demonstrate the tolerable levels of phosphorus both in the presence and absence of nutrient iron; (b) furnish information on the nature of the relationship between nutrient phosphorus and tissue phosphorus; and (c) furnish a basis for the selection of proper phosphorus levels to be employed in further experiments dealing with uptake and metabolism of phosphorus.
Experimental plants were grown at four levels of phosphorus, 0.00000, 0.00005, 0.0005, and 0.005 molar. At each of these phosphorus levels, two iron levels, 0.00000 and 0.000018 molar (1 p.p.m.), were used. The plants received half-strength nutrient solution on the first day, and on the fourth and eighth days, the solutions were replaced with fresh full-strength nutrient. The pH of all nutrient solutions was maintained at or near 6.0. The plants were harvested when the first indications of chlorosis were clearly visible in those plants receiving 0.005 M phosphorus with no supplementary iron (10 days). At the time of harvest, the leaves of the plants grown with no supplementary phosphorus were a dark bluish-green which is typical of phosphorus deficiency in this species. The results are shown graphically in figure 2. PLANTS GROWN WITH 1 P.P.M. IRON.-A ranking of plant parts with regard to their phosphorus concentration showed roots to be highest, with trifoliate and cordate leaves somewhat lower, and stems lowest of all. The concentration of phosphorus in the root was particularly high at the high levels of nutrient phosphorus, but the total amount included absorbed as well as adsorbed phosphorus, with the latter apparently contributing an appreciable amount. This is the characteristic distribution of phosphorus between the various parts of the bean plant. Other elements, of course, assume their own characteristic distribution. No two are strictly alike.
As the concentration of phosphorus in the nutrient solution was increased from the lowest level upwards, all plant parts showed increased concentrations of phosphorus but the relation was not linear. Initially, the rate of increase was relatively low, particularly for root concentrations and to a lesser extent for stem and cordate leaf concentrations. Rapid gains N-ere made only after the phosphorus concentration of the nutrient medium exceeded the iron concentration. The point of equivalence (equimolar concentrations) between iron and phosphorus in the nutrient medium is indicated by an arrow on the abscissa of figure 2 A.
The trifoliate leaves showed an initial rapid rise with the first increase in nutrient phosphorus, but the rate of rise was not as rapid as it was with plants receiving no supplementary iron. The accumulating power of these actively metabolizing leaves is very striking. The young trifoliate leaves, together with the meristematic tissues of the stem tip, were able to acquire and maintain higher concentrations of phosphorus from nutrient solutions of low phosphorus content (0.00005 M) than tissues of the root, stem, or cordate leaves. With further increases in nutrient phosphorus, tissue concentrations began to level off and lesser gains were made at the higher nutrient ranges.
The principal difference between the plants grown with and without iron in the nutrient medium, was in the phosphorus concentration of the respective parts of the plants grown at the zero level of nutrient phosphorus. Those plants which made their growth in the presence of an ample supply of iron had a distinctly higher phosphorus concentration than those receiving no supplementary iron. Of course, all growth in this case (zero P in fig.  2 A and B) was made by utilization of phosphorus which was present in the seed as no other source was available. The time allotted for growth (12 days) was sufficient to insure the utmost dilution of phosphorus which was possible under the conditions of growth. The failure of the plants supplied with iron to affect as great a dilution of seed phosphorus indicates a less efficient or thorough utilization of that phosphorus. The most logical interpretation of this observation is that at least a portion of the iron taken into the plant, or held on the root surfaces, was precipitated with a portion of the seed phosphorus rendering it unavailable for metabolic use. As a result, the tissues were relatively rich in total phosphorus at the time that growth ceased from a lack of metabolically usable phosphorus.
At the higher levels of nutrient phosphorus, the plants grown with and without supplementary iron were essentially similar in the phosphorus concentration of their tissues. Evidently, the amount of phosphorus held by iron is quite insignificant in comparison to the total phosphorus present wlhen an ample supply is furnished to the roots. particular reference to the plants grown at the zero level of nutrient phosphorus, the concentration of phosphorus in the tissues of all plant parts is considerably lower than is the case where iron was present in the nutrient medium. Furthermore, the initial gain in phosphorus concentration was more rapid for all plant parts as the phosphorus content of the nutrient medium was increased. The initial flattened part of the curves as seen in figure 2 A is absent. The phosphorus concentration of the trifoliate leaves built up particularly rapidly indicating a completely unobstructed movement of phosphorus to these rapidly metabolizing parts. With further increases in nutrient phosphorus beyond 0.00005 M, only small gains were made. Beyond this point, the metabolic use of phosphorus by the trifoliate leaves, kept the incoming supply diluted to a value of approximately 6 mg. P/gm. of dry matter. Apparently this concentration within leaf tissue was adequate for normal metabolic functions.
The phosphorus content of roots, cordate leaves, and stems increased rather linearly with increases in nutrient phosphorus. At a nutrient value of 0.0005 M, a nutrient concentration 10 times as high as was necessary for maintenance of adequate trifoliate leaf concentrations, the phosphorus concentration of cordate leaves tended to level off. Stems and roots were still slowly increasing in phosphorus content and continued to do so even up to a nutrient concentraton of 0.005 M phosphorus. Thus it is evident that cordate leaves, stems, and roots progressively accumulate available phosphorus in excess of the values characteristic of these organs when the rapidly growing leaves of the upper stem are adequately supplied. It is this additional accumulation of phosphorus by roots, stems and cordate leaves, which appears in excess of the minimum requirements for the growth of the plant as a whole, that is responsible for disturbances in the metabolic use of certain other ions as these must enter and pass through tissues so rich in phosphorus as to cause precipitation reactions and immobilization (5) . Iron is so frequently immobilized in this manner that we have adopted the term, phosphorus-induced-chlorosis, to designate this type of disturbance.
EXPERIMENTS WITH TRACER PHOSPHORUS.-In the above experiments the total uptake of phosphorus which had occurred during the experimental period was measured. In the experiment to be reported, the absorption and translocation of an aliquot of marked phosphorus was measured after a pretreatment period during which the different groups of plants were grown at phosphorus and iron levels indicated in figure 3 . Plants were given halfstrength solution at pH 6.0 during the first four days then full-strength solution for four days. This treatment was followed by a second four-day period in full-strength solution in which the added phosphorus contained p32 at a known P32/P31 ratio. The plants were then analyzed for total phosphorus and marked phosphorus, the marked phosphorus being that phosphorus absorbed during the last four day period. One of the values of the tracer method lies in the fact that this fractioin can be quantitatively measured even in the presence of the fraction which was absorbed previ- By comparing plants grown at three different phosphorus levels, it is evident that the percentage gain in phosphorus is dependent first of all upon the amount of phosphorus present in the nutrient medium. Those plants growing at the highest nutrient levels acquire the most phosphorus. For plants growing at the same phosphorus levels the determining factor in the acquisition of phosphorus is the amount of iron present. The roots gain phosphorus (adsorbed plus absorbed) in direct relation to the iron concentration of the nutrient medium, while the trifoliate leaves gain phosphorus in inverse relation to the iron concentration of the nutrient medium. This effect is greatest at the low nutrient phosphorus levels and becomes almost indiscernible at the high phosphorus levels. Iron, therefore, exerts a relatively greater influence in solutions of low phosphorus content. The effect is to cause a precipitation of phosphorus upon the roots which then obstructs the flow of phosphorus to the aerial parts. It will be seen that where there occurred ten or more atoms of phosphorus to each one of iron, the effect of iron upon the uptake of phosphorus into the trifoliate leaves was relatively insignificant. The explanation perhaps lies in the fact that the preponderance of phosphorus over iron is responsible for a rapid precipitation of the iron and a subsequent suppression of its occurrence in a soluble form in the nutrient medium. Plants are then growing in an essentially iron-free solution wherein ample phosphorus is present.
When iron is present in superabundance over phosphorus, the occurrence of ionic phosphorus in solution is suppressed by the formation of a ferric phosphate complex. The excess iron forms hydroxides which also contribute toward its precipitation. Iron, then, influences the uptake of phosphorus into the aerial parts of the plants first, by removing some phosphorus by precipitation, and second, by the formation of a precipitate upon the absorbing surfaces which impairs the rapid entrance and passage of phosphorus across the cortex of the root. Therefore, when precipitated phosphorus and iron accumulates upon the roots, the passage of phosphorus to the aerial parts is decreased.
The data from the 0.00001 2I phosphorus level of figure 3 are presented in figure 4 together with the iron values for the roots and trifoliate leaves. This figure furnishes additional convincing proof that the interpretation of results on the basis of precipitation reactions is valid. The percentage gain in phosphorus by roots is greatest from solutions of high iron concentration. Likewise the amount of iron associated with the roots is also highest in solutions of high iron content. However, as the iron concentration and the percentage gain in phosphorus by roots increase, the gain in phosphorus by leaves is correspondingly decreased.
The nature of the precipitate which was present on the root surfaces has not been precisely determined, but the precipitate which formed within the nutrient solutions alone at pH values of 6 or lower consisted of approximately stoichiometric proportions of iron and phosphorus. At pH values above 6, some calcium was present in the precipitate and on a quantitative basis calcium plus iron was equal to phosphorus. SWANSON et al. (13) have shown that the following reaction takes place when ferric chloride is titrated with sodium hydroxide in the presence of an excess of phosphate:
Fe (H20)++6 + 2 0H-+ H2PO4--> Fe (H20)3 (OH) 2H2P04 + 3 H20. The H2PO4-occupies only one of the coordination positions of the hexahydrated iron ions. It is assumed from the work of the above authors and from our own studies, that under the conditions of the experiments herein reported, i.e., in nutrient solutions, the formation of the basic iron phosphate is possible and may take place to the extent of full participation of available phosphate ions up to the equivalence point. That phosphate which is present in superabundance over iron does not react and, except for some slight adsorption, remains available to the plant.
On the basis of this and other investigations, we now expect to find that a number of nutritional disturbances (other than chlorosis) will be explainable on the grounds of an immobilization of essential nutrients in precipitation and absorption reactions in the conductive tissues of the plant. It is known that certain soils are constituted, in part, of elements whose deficiency symptoms are often manifest in the plants which grow in them. The explanation frequently given is that the elements in question are tied up in the soil in a manner which renders them unavailable to the plants. From the data presented herein, it is shown that a more detailed explanation in-volves precipitation reactions in and on the surface of the roots as well as in the conductive tissues, particularly near the distal ends, which renders some elements unavailable for metabolic use. Those elements which form insoluble precipitates with p4osphorus are to be particularly suspected as participating in such a mechanism. Summary Absorption and translocation of phosphorus by bean plants was unimpaired at pH 4.0. A minimum in phosphorus accumulation occurs at or near pH 5.0 which reflects the slight solubility of basic ferric phosphate at or near this pH. It is conceivable that this minimum also reflects the minimal absorption encountered at the isoelectric points of certain cellular constituents active in phosphorus absorption. As the pH of the nutrient solution was raised from 6.0 to 7.0, the concentration of phosphorus in the stems and petioles increased, whereas the concentration in the leaf blades decreased. This observation indicates a lodging of incoming phosphorus in the stems and petioles at high pH values, creating tissues rich in phosphorus through which ions being transported to the leaf blade must pass.
As the phosphorus concentration of the nutrient medium is increased from low to higher values, the tissue concentrations also increase, but at different rates. The general effect is a rapid rise, followed by lesser increases until a leveling off occurs. The phosphorus concentrations of the nutrient solutions at which the different plant organs level off in phosphorus concentrations are as follows: trifoliate leaves, 0.00005 M; cordate leaves, 0.0005 M; stems, 0.005 M. Root concentrations begin leveling off at 0.005 M.
A concentration of approximately 6 mg. of P/gm. of dry matter in trifoliate leaves is attained from solutions at 0.00005 M P and this value is sufficient for continued growth of leaves. The corresponding combined stem and petiole concentration is approximately 2 mg. P/gm. dry matter when the leaves are adequately supplied. The stems and petioles will, however, build up to 4 mg. P/gm. dry matter as more phosphorus is made available. Cordate leaves correspondingly rise from 3 to 7 mg. P/gm. dry mlatter. It is this additional accumulation of phosphorus, beyond the concentration which is adequate for leaf growth and stem extension, which causes disturbances in the metabolic use of other ions, particularly iron. The passage of such ions through tissues rich in phosphorus is interfered with and much of the iron is precipitated along the conductive tissue. The principal effect of high phosphorus concentrations on the development of chlorosis is explainable on this basis.
In a nutrient solution containing both phosphorus and iron in nutrient quantities, a precipitate will form which will reduce the amount of available ions of both elements. The precipitate of iron and phosphorus forms both upon the container and upon the plant roots. The effect of the precipitation is twofold. First, it removes some of the materials from solution reducing the effective concentration. Second, the presence of the precipitate upon absorbing surfaces furnishes a barrier to the rapid entrance of either species of ion, i.e., phosphate and iron. Under 
